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Stress and tangent update equations for combined time-hardening
creep and J, plasticity in an implicit hypo-elastic formulation

Naveen Prakash®, Christopher Matthews?, Daniele Versino®

“Theoretical Division, T-3, Los Alamos National Laboratory
Los Alamos, New Mexico 87545, USA
bMaterial Science and Technology, MST-8, Los Alamos National Laboratory
Los Alamos, New Mexico 87545, USA

Abstract

This work is motivated by the need to analyze the behavior of metallic nuclear fuels which under
normal operating conditions build up stresses due to non-homogeneous thermal expansion, fission
gas and solid product swelling among other phenomena that are simultaneously relaxed by creep
and plastic flow. This report details the stress and tangent update equations for combined J, based
rate independent plasticity and time-hardening creep effects in a fully implicit hypo-elastic for-
mulation involving two cases: pure creep without plasticity where the yield criterion has not yet
been met and the combined effect of both creep and plasticity beyond yield. Closed form expres-
sions for the consistent material tangent to be used in both cases are derived which can be used in
implicit codes and is expected to help in obtaining optimal convergence rates.

1. Background and motivation

Metallic nuclear fuels exhibit extremely complex behavior during irradiation which include
but are not limited to thermal expansion, swelling due to fission and solid products of nuclear
fission, phase transformation, creep and plastic flow, damage and cracking. Over the years, many
numerical codes have been developed to simulate metallic nuclear fuels, most of which are based
on reduced order models [1]. As there is increasing need to perform full scale 3D analyses over
long periods of operation (time scales of weeks to months), there is a need to develop full 3D
equations for the material behavior [2]. Moreover to achieve this, implicit finite element codes are
being used increasingly so that there is no restriction on the time step as is common in explicit
finite element codes. To ensure optimal convergence rates of the global finite element equations,
the consistent material tangent should be provided to the finite element solver in accordance with
the algorithm used for the stress update. A material tangent evaluated numerically could be used
but would also be expensive to compute [3, 4]. A closed form expression for the material tangent
would be considerably more computationally efficient than using an explicit finite element solution
or evaluating a numerical tangent.
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daniele.versino@lanl.gov (Daniele Versino )



Metallic fuels often exhibit creep and plastic flow, especially when operating at high tempera-
tures which relax stresses in the fuel built up by other phenomena such as thermal expansion and
fission gas swelling. In this work, closed form expressions are derived for the stress and consis-
tent material tangent update for either of two possible cases where the material: (1) is within the
yield surface and undergoing creep flow or (2) has yielded and undergoing both creep and plas-
tic flow simultaneously. Although metallic fuel alloys such as U-Pu-Zr are often assumed to be
elastic-perfectly plastic [1], it is assumed for the present purposes that the plastic flow follows an
isotropic hardening law to introduce more generality in the constitutive behavior.

2. Evolution of stress

Assume that the total strain tensor & can be additively decomposed into a linear elastic strain
& thermal strain &”, plastic strain e’ and creep strain e“” such that in rate form,

& =g+ gh 4+ ghl 4 ger (1)
Assume that the material response is linear elastic such that,
d':C:(s—s}h—S}”—s'”) (2)

Using a backward (implicit) Euler integration scheme ( Eqns. (1.4.4), Simo and Hughes [5]) and
assuming C to be constant, the incremental form of (2) can be written as,

— . _ th _ pl _ cr
Ao =C:(As- A" - As” - As )n+1 (3)

which can be written in terms of the n* and n + 1 time step as,
O =0,+C: (Ae — Ae — AgP! — As‘")n+1 4)

where the right hand side has inelastic strains which may be functions of variables that are eval-
uated at at time step n + 1. As is commonly done, the thermal strain is assumed to be purely
volumetric in nature and the creep and plastic strains are assumed to be purely deviatoric such that
the volumetric and deviatoric components of the elastic strain can be written as,

1
vol(Ae®) = vol(Ae — Ae™) = §tr(As - Ag™1 (5)

dev(A&®) = Ae — Ae” — Ae” (6)

where vol(-) and dev(-) denote the volumetric and deviatoric components of their arguments, 1 is
the second order identity tensor or the Kronecker delta tensor and Ae is the deviatoric part of the
total strain increment. Rearranging terms in the (4), and writing the current stress o, in terms of
the hydrostatic and deviatoric components,

O =0 + Ao [Vol(Ase’ ] + 8y + ASyi [dev(Asel ] (7

n+l n+l1 n+1
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in which the hydrostatic component of the stress at n + 1 can be completely determined from
knowing the stress state at n, and the total strain and thermal strain increments.
The deviatoric component of stress at n + 1 is written as,

Suel = Sp + ASpy [deV(Aafer1 ] ()
=8, + ASpy (Ae,m ~Ae” | - Aeflfrl) )
= s, +2u (Ae,,+1 ~Ae’ | - Aeflfr]) (10)

Assuming that the step from n to n + 1 is a purely elastic one, and writing the resulting stress as
strial
n+l?

swet = st = 2u (Aell | + Aell)) (11)

n+1 n+l n+1

where the trial stress is s;’fl’ = §, + 2u (Ae,.1), and the plastic and creep strains at n + 1 are yet to
be determined.

2.1. Rate independent plasticity

Under the assumption of classical rate independent associative plasticity, the plastic strain rate
is written as
29

el =
oo

(12)

where A is a positive scalar quantity and f is a specified yield function generally written in terms
of the deviatoric stress s. The incremental form for the plastic strain can be written as,

Ae” | = (Mﬁ) (13)
do n+1

In J, plasticity, the yield function is in general is written in terms of the second invariant of the
deviatoric stress,

Jr==s5:5§ (14)

where s is the deviatoric stress defined by by s = o — %tr(a')l. A common form for the yield
function f is,

2
f= 20~ \gay(a) (15)

where V2J, amounts to the magnitude of the deviatoric stress, [|s|| = /s : s, oy is the yield stress
of the material which can be a function of the accumulated plastic strain @ whose evolution is

assumed to be,
.2
Sy I 16
@ \@ (10

the algorithmic counter part of the yield function, written at time n + 1 is,

2
Foer = lsuutll - \@amnﬂ) (17)
3



where the accumulated plastic strain is given by,

2
el :an+A/l\/; (18)

Knowing that the second term in the yield function in (17) is a constant yield stress at n + 1, the
gradient of f with respect to the stress is simply,

0 J|ls,

(_f) _ Al (19

oo, ., 00 41
— Sn+1 (20)

118 1
= Ry (21)

Therefore, substituting (21) in (13), the plastic strain increment can be written as,

Ae’ = Adn,., (22)

where AA specifies that magnitude of plastic strain increment and n,,,; specifies the direction of
plastic flow.

2.2. Time-hardening creep
Time dependent creep laws are often written in a strain-hardening or time-hardening form. A
law of the latter type is assumed here, where the creep strain rate is,

. cr

en+1 = é;:.l (&n+l,Tn+l,tn+l)ﬁn+l(s) (23)
The creep strain increment can be written as,

Aey' = Aey (T ity Trsts tust) Ty (S) (24)
where Ae’ | is the magnitude of the creep strain increment which depends on the current von Mises
stress, time, temperature and other constants which are material parameters that can be estimated
from a uniaxial creep test, and 2,,(s) is the direction of flow of creep which is some function of
the deviatoric stress. As is commonly done, the direction of creep is assumed to be such that,

~ _ a&n%—l
Ry =

25
ao-n+1 ( )

where G, is the von Mises stress. To be consistent with the direction of plastic flow, the direction
of creep is written in terms of n such that,

o on 3
Aefz:—] = A€n+] (0-n+1’ Tn+1’ z‘n+1) \/;nrwl (26)
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Consider that a power law for creep strain is assumed in it’s ‘time hardening’ form such that

the creep strain rate is given by,
cr Aa_mtne—Q/RT (27)

where & is the von-Mises stress,  is time, Q is the activation energy of the creep mechanism, R
is the Boltzmann’s constant, T is the absolute temperature and A,m and n are material parameters.
Using an implicit time integration scheme, the creep strain increment can be written as,

A& | = AtAG™ 1", e T (28)

n+1

where the material parameter n appearing as the exponential term for time 7 is not to be confused
with the number of the time step appearing in the subscript.

2.3. Evaluating the deviatoric stress
Substituting (26), (28) and (22) in (11)

3
Suet = Sy = 2| Adnyy + (ALAGY, 0, e )\/;n,m] (29)

The unit normal tensor can be evaluated by knowing the trial stress state at n + 1, which can
be determined from the state of the material at n and the total applied strain increment (s;’f’ll =
S, + 2u Ae,.1). Both the deviatoric and the trial deviatoric stress, s, and s’”“l can be shown to
have the same unit normal tensor n,.; [5], therefore can be determined as,

trial

n+l — Sn+1 (30)

s~ 8l

s

nn+1 = |

Contracting with both sides of (29) with the unit normal tensor n,., one obtains,

j 3
ISstll = |[s7N — 2 AA = 2u \/;(AIAO'nHtZHe Q/RTM) (31)
Writing (31) as a residual,
trial 3 OJkr,, |
R = ||sn+l|| - n+1 + 2/.1 Ad + 2/1 2 (AZAOJ:+IZ'”+1€ n+ ) (32)

2.4. Pure creep

In the case of creep without any plastic effects, the nonlinear equation to be solved to evaluate
the deviatoric stress at the current time step reduces to,

3
+ 2 \ﬁ (A, 22, e ) (33)

The von-Mises stress can be written in terms of the deviatoric stress as,

~ 3
Tt = \/;||Sn+1|| (34)
5

trial

R = ||sn+1” — (851




Substituting into Eqn, (33),

trial
n+1

R = lspnll -

s

3 3)
+2u \g [AtA(\/;) ||sn+1||"1r:+1e‘9/”n+1] (35)

The residual is written in terms of a single unknown variable, ||s,.1|| and can be evaulated using
a Newton-Raphson iterative scheme. To evaluate the deviatoric stress and the material tangent,
the creep strain increment and the derivative of the creep strain increment are required which are

respectively given by,
3) )
A = AtA [\/;] ||Sn+1||mt:;l+1€ O/RT, 41 (36)

ANE" \/? " .
= AtA = || DR 37
sl [ 2) ml|Sp1l| Y 37)

2.5. Combined creep and plasticity

Similarly, the residual to evaluate the plastic multiplier in the case of combined creep and

plasticity is given by,
R= 2
= —Oy —
30

in which case the deviatoric stress must lie on the yield surface i.e.,

2 2 2
Isp41ll = \/;U_Y = \/;O-YO + \/;K(a'm—l) (39)

For this case, the residual can be written in terms of the incremental plastic multiplier which is to
be determined.
The creep strain increment in terms of the deviatoric stress is,

3)" )
NS, = AtA [ \g] lSperll™ £, &%t (40)

which can be written in terms of the yield stress as,

trial

Sn+1

3
+2u A+ 2u \gAé;QI (oy) (38)

A& | = AtAT 1, e "1 (41)

+

To find the solution to the nonlinear equation given by the residual, the derivative of the creep
strain increment with respect to the plastic multiplier is required which can be written as,

oAe” 0



A closed form expression for the derivative of the yield stress can be found if the hardening law
is known. For example, considering a linear hardening law, the derivative of the yield stress with
respect to the plastic multiplier is,

ooy _ 9 +K \/5 KA
OAL  aap |0 T RE T A3

= \/;K (43)

The following terms are then required to find the plastic multiplier and the material tangent,

A" = AtAT) 11, e K

_ 2.\
= AtA [O’yo + Ka, + \/;KAA] e ~Q/RT, (44)
0Ae"+1 oo
nl _ A (m DZTY i G(-Q/RTy)
A My Ay €
2 _
= AtAmO'(;H) \/;K £, e Kl (45)

3. Consistent Material Tangent

3.1. Combined Plasticity and Creep
The constitutive equation at time step n + 1 can be written as,

O i1 = 3K vol(e”, ) + 2u dev(e®) (46)

where the elastic strain can be written in terms of the total strain and the inelastic strains. From
(5) and (6), (46) can be written as,

1
o1 =3K= tl‘(8n+1)1 + 2udev(e? | (47)
= Ktr(8n+1)1 + 2u dev(e) (48)
= K tr(&e1 — &)1+ 2uu(e, — €0y, — €, (49)

As in Simo and Hughes [5] (section 3.3.2), the consistent tangent can be obtained by a linearization
of the algorithmic constitutive equation (49). Differentiating the expression one obtains,

do,. = Ktr(de .| — dsﬁﬁ D1+ 2u(de, . — de —de; (50)

where the plastic and creep strains can be written as,
de” = del + dhe” (51)
de;frl = de,” + dAe;/ , (52)
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Decomposing (50) into an elastic step and an inelastic correction using Egs. (51) and (52),

Ao yer = C : de,y — 2u(dAel,, + dAel,,) (53)

n+l

Rewriting this equation in terms of the total strain,

HAeSil dAe; |
do e = C- 2//‘ - 2;“ s depy (54)
88n+1 88n+1
=[C-B-A]:dg,, (55)

From (22), the plastic strain increment can be written as,

Ae” | = Adny. (56)
Differentiating,
!
aAeiﬂ — a(A/lnnﬂ) (57)
68n+1 88n+1
0AA on,
= Hy ® + A L] (58)
38n+1 a(‘:"n+1
Therefore, the second term in the square brackets in (54), B can be written as,
0AA on,
B =y ® —— + AT (59)
68n+1 88n+1
Similarly from (26),
O0Ae” 3 o0Ae on,,
— = 4/=|n, oA 60
88n+1 2 (n ne a“';n+l e 68n+1) ( )
Similar to (59), the third term in the square brackets in (54) can be written as,
3 dAe’” on,.y
A =245 n, L4 AE 61
a 2 (n "e 68n+1 Ensl 68n+1 ) ( )

Substituting (59) and (61) in (55) and simplifying,

M,y \F . AL \/? oner
do,aa =1C -2 A+ [ =AeS" | - 2un,. ® + 1/ =——1|| : de, 62
O n+l [ NGSHH ( 3 en+1] MRy [58n+1 2 08, Entl (62)

in which matrices A and B that account for the modification of the material stiffness matrix C due
to inelastic effects have to be determined from the trial stress state at time n + 1. To find these
matrices the unit normal tensor n,,, plastic strain increment AA, creep strain increment Ae‘" | and
the respective partial derivatives with respect to the total applied strain &,,; need to be evaluated.




3.1.1. Evaluating the unit normal tensor and inelastic strain increments

The unit normal tensor can be evaluated by knowing the trial stress state at n + 1, which can
be determined from the state of the material at n and the total applied strain increment (s”™ =
Sy + 21 (Ae,y1)). Both the deviatoric and the trial deviatoric stress, s,,; and s/’

rial can be shown to
have the same unit normal tensor n,,,; [5], therefore can be determined as,

Strial

1
My = 0 (63)
stnal
n+l1

To determine the inelastic strain increments, one starts with the yield function (17), assuming
once again a linear isotropic hardening law, can be written in terms of the yield stress in the
unhardened state oy and the hardening term K(«,,) as,

2 2
ot = sl - \@am— @K(am) (64)

where a,,, is the accumulated hardening strain at time n + 1. If the material has yielded, the stress
state must lie on the yield surface, or in other words, f,,; must be zero which means,

2 2
0= llspll - \@rm - \EK(anH) 65)
2 2
sl = \/;O'YO - \EK@M) (66)

From the trial deviatoric stress state in (11),

swet = st = 2u (Aell | + Aell,)) (67)

Substituting in (67) from Egs. (56) and (26) and contracting with both sides with the unit normal
tensor n,. |, one obtains,

trial
n+l

3 =cr
ISnetll = ||Sps1|| — 2HAA = 2u \/;A €1 (68)
It should also be noted that the magnitude of increment in creep strain here depends on a few
variables one of which is the stress state at n+ 1, particularly the von-Mises stress, which indirectly
makes it a function of the deviatoric stress at n + 1. Therefore (68) should ideally be written as,

trial
n+l1

3
—~ 2pAd -2 \[ A2, (I8l (69)

ISl =

which is to say this is a nonlinear equation in [|s,.|l. Substituting (66) in (68), meaning the
deviatoric stress at n + 1 should lie on the yield surface, one obtains,

2 2
\/;O-YO - \/;K(a'nﬂ) = = 2uAA = 2u \/7 A&}, [\/70-Y0 + \/7K(6Yn+1)] (70)

9
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n+l




This equation can be solved for the plastic multiplier A4 numerically by an iterative Newton-
Raphson scheme by writing the residual as,

2 2
= \gayo— \/;K(an+1)— s £ 2AN + 2u \[Aé;gl[\[ayw \/7K(an+1)] (71)

and solving R = 0, provided an explicit expression is known for the isotropic hardening variable K

trial
n+l

(e.g. alinear isotropic hardening law can be assumed such that K(«,,1) = Kay = K(a, + \/gA/I)

) so that the evolution of the yield surface is known in terms of the plastic multiplier. Once the
plastic multiplier A4 is solved for and the accumulated plastic strain @, is known, the creep strain
increment &;’ , can be evaluated. Other terms which are needed to evaluate the consistent material
tangent are the partial derivatives 9+1/gs,,,, 954/se,,, and 942, /s, ,.

Derivative of the plastic multiplier. The derivative of the plastic multiplier with respect to the total
applied strain can be obtained from differentiating the residual in (71),

trial

R _ 0 \ﬁ OK(tyet) O DAL 0|8 .y AL .2 \F OAET | ) IAL o)
68n+1 3 6(1’,1+1 0AA 68n+1 88n+1 68n+1 2 (90z,,+1 AL 88n+1

2 2 0AA 2 0AA
0= \[ K (@) = 2uny, + 2# +2u \[ A&, \[ (73)
3 Je En+l En+l En+1

where the primes quantities (.)" indicated the derivative with respect to the accumulated plastic
strain «,,;. Collecting and rearranging terms, one obtains,

0AL (2
=K' (a,41) + 2,uA8n+l +2u| =2un,, (74)
68n+1 3
0AA N
_ Ry — (75)
08+ [1 + Agey, + K|

Derivative of the unit normal tensor. From (63), the derivative of the unit normal tensor can be
written as,

trial trial trial
ann+1 _ 1 asn+1 _ sn+1 0 sn+l aan+1 ® 0AA (76)
88n+1 |s;ri“11 68n+1 striall 2 aanH 0AA 88n+1
n+

trml

Knowmg that the trial deviatoric stress state is )" = s, + 2uAe,,;, where Ae,; = e,,; — e, and

e,.1 = 1%g,,, the derivative can be written as,
! 1
05, 08, OAenss Oens N
a8n+1 aAen+l aen+1 88n+1
= 2u 19 (78)

where 19¢” is the deviatoric projection tensor [6], 19" = [I”’m -31® 1]
10



The expression for the derivative of the magnitude of the trial deviatoric stress with respect to
the accumulated plastic strain can be obtained by differentiating the expression for the residual in
(7D),

trial

a n+l1

s 2 AAA 3
K Apy1) +2 2+ = A& 7
\/7K’(an+1)+2u\/7+2/1\/7A~2:1 (80)

where the term ;M can be evaluated to be \/g , therefore the term a{;"A”; is
(76),

W

Substituting in

o, 2ulde s AAA
> LA ﬂm_al - ”'“ [ (an+1)+2pA8n+l +2ul® (81)
€41 siria | siria 0€p41
2 19 N K (a, 0AA
= /ltrial ntr;ll L+ A~L+l + (; +1) (9 (82)
sn+1 sn+1 H En+l
In light of the expression (75), (82) becomes,
on, 241 19¢v 2
) - = ’utrial B t:l:zl i1 @ My (83)
En+1 sn+l sn+l
2
(1 = iy @ 1) (84)
Sn+1

Derivative of the creep strain increment. Finally, the derivative of the creep strain increment with
respect to the total applied strain can be written as,

ONEY, _ AZL, oy 9AL
0&p41 0,1 0AA 08,4

2 n, .1
= A \ﬁ - (86)
1N 3 [1 +AET 4 K(a;+1)]

(85)

n+1

Tangent modulus contd.
Substituting Egs. (75), (83) and (86) in (62) and rearranging,

Id 3 =cr
Ay = |C = QP Saz,
n+1 ||
3,
(A/l+ \/;Aeflﬁrl)nnﬂ ® M,y

2u 2 e
- 7 Ry @Ry — AS 1 1 ® nn+1] de, (87)

+(2u)°

trial
n+l1

11



or,

Aoy = J : deg, (88)

such that the material tangent is given by,

J — [C _ (2#)2 IdeVﬂ [ (2/1)2 _ 2_lu ~cr’ 2/1

#| 2 2 g Aen+1——Jnn+1®nn+l] (89)
Y Y

strial

trial
s n+l

n+l1

— xer’ K'(ans1) _ 3 A =cC
where, y = [1 +AET |+ %] and B = (A/l + \/;Ae;:l).
As a sanity check, it can be verified that in the absence of creep effects, the material tangent
reduces to,

2u)? 2u)? 2
Jor = [C EECUMTEIY P RSO K Nyt ® n,,+1] (90)
|str1al strml [1 + K’((I,H,l):l
n+l n+1 3u

which is the same as the consistent elastoplastic tangent given in Simo and Hughes [5], pg. 124.,

3.2. Pure Creep

The previous section details the material tangent for combined creep and plasticity behavior
where it is assumed explicitly that the material has yielded, therefore the stress state at the current
time step n + 1 lies on the yield surface. However, if the material has not yielded, the creep strain
at n + 1 depends on the stress state at n + 1 which is yet to be determined. From the Eqn. (53),
assuming that there is no plasticity,

dope = C 1 dg, —2u(dAel, 91)
From Eqn. (26),
Aey) = Ae)  (Tnits Tpits tast) \/gnrwl 92)
Differentiating this expression,
dAe!’ | = d[AéZ:l (T ns1> Tty tnsr) \/gnnﬂ] (93)

3 3
_ A, \gdn,,+1 , \/;nnﬂdAéfl:l (94)

Substituting Eqn. (94) in Eqn. (91),

3 3 .

12



Writing in terms of the total strain,

3 —cr ﬁnn 1 3 aAézr
Aoy = [C 2u \/;A €1 asnil —2u \/;”nﬂ ® 68,1;1 depy (96)

The partial derivative of the unit normal tensor with respect to the total strain can be written as,

ann+1 _ ann+1 8Sn+1 80'n+1

= 97
08n+1 6sn+1 aa—n+1 88n+1 ( )
where from Eqn. 3.3.9 in Simo and Hughes [5], (see also appendix),
on, 1 o
s 1" = By @ My] (98)
081 |ISuall
aSn+1 d
= |9¢ 99
(90'n+1 ( )
where, 19" is the deviatoric projection tensor given by,
1
[4ev = [I”’” - §1 ® 1] (100)
such that,
Suet = 1% 1 0 (101)
Substituting in Eqn. (97),
on, 1 oo,
Bl e (1 = iy ® ] 19 L (102)
(9811+1 ||sn+l ” a8}1+1
which can be simplified to,
0nn+1 1 d aO-n+1
= —|1" - n,;, ®n, (103)
08wt lISuetll | @] 081
Similarly,
oAe,,  OAE], llspill 001 (104)
68n+1 8”sn+1” 80—n+1 68n+1
where aa”s””” = n,, from Eqn. (21) and T "*‘ 1s yet to be determined. Substituting in Eqn. (104),

0A—cr ~ ONe‘" (90',14.1

n+1

n, (105)
0&nr Ollsyall "™ 08y
Substituting for 6""*‘ and % in Eqn. (96) and rearranging,
3 A—C}“
dO—n+1 =C: d8n+1 2/-1 \/7 n+l [Idev — Ry ® nn+l] . d0-n+l
2 I8yl
8A€Zr+1
- 2/" ) @My | da-n+1 (106)
20|l

13



moving the second and third term from the right hand side to the left,
3 1 3 0Ae
19 42 \/7A‘” 1" — Myt ® Ry ) + 2 \[ " @ my
[ iy 32 i 1@ M) + U et © M

where 1" is the symmetric fourth order identity tensor. If the term in the square brackets on the
left hand side is written at A, then Eqn. (107) can be written as,

[dop4

=C:deg,.; (107)

A:dop =C:de,, (108)

and the material tangent can be written as,

dop = A 'C: ds,,, (109)
where,
- ‘ 3 1 3 0Ae”
A= 19"+ 2u \[ A —— (1" = ) ® M) + 20 \[ L ) ® Ry (110)
27 gl 20|18
3 Aécr 3 A—CV —cr
[9m 42 \[—”” 19V + 2 \/j( et ”*‘) M, ®n, (111)
N2 lsmal N2\ st T Bl e E 1t

Here the unit normal tensor n,,; can be obtained directly from the trial deviatoric stress, how-
ever the magnitude of the deviatoric stress, the creep strain increment and derivative of the creep

A
strain increment, i.e. ||s,.ll, Ae!" and I, ”” are yet to be determined. Similar to Eqn. (68), the

magnitude of the deviatoric stress can be wrltten as,

3
-y \@A-:fﬂ (112)

where the creep strain increment Ae'” | is some function of the current stress state 07,,; and fur-
thermore is generally a function of the current von-Mises stress state or indirectly, the deviatoric

stress state,
3
—2u f A& (sl (113)

Therefore, this is in general, a nonlinear equation in ||s,.|| which can be solved by a Newton-
Raphson iterative scheme. If the residual is written as,

3 —cr
" 2u\[ A" (l$me11D) (114)

solving for R ~ 0, the quantities ||s, |, Ae‘" and 2 s "”H can be determined provided an explicit
expression for the creep strain increment in terms of the magnitude of deviatoric stress is known.

Substituting these quantities in Eqn. (110), the material tangent can be obtained from Eqn. (109).
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trial
n+l

1801l =

trial
n+l

lISnaill =

trial
n+l

R = Ispll =
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Appendix A. Appendices
Appendix A.l. Normal tensor

of _ dNITD)
do o
1 012Jy)

- 2+2], 0o

1 o

C \s:soo
J,, the second invariant of the deviatoric stress can be written in terms of the invariants of the stress
tensor as,

(A.1)

(A.2)

(A.3)

1
J2 = 5]12 - 12 (A4)

The gradient of J, can be written as

o 3790 oo
2
=ZL1-1-0")

6-]2 1 ] 311 612

3
2
:0'—(11 —§11)1
=0 - ltr(O')l
B 3
- (A.5)

Substituting (A.5) in (A.3), the gradient of f with respect to o is obtained as,

6_f:s

A.6
0o A[s:s (&.6)
=n (A.7)
Appendix A.2. Derivative of the unit normal tensor with the deviatoric stress
The unit normal tensor is given by
s
n = A8
Vs:s (&.8)

Taking the derivative with respect to the deviatoric stress tensor and changing to index notation

N aS,'_,' 6\/s§
3"1’;’ B \VA RS Sgkl - Sij_ﬁskl

Osu (Vs :8)?
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(A9)




where the first derivative in the numerator is the symmetric fourth order identity tensor,

Y
hj _ g (A.10)

= Liju

To evaluate the second derivative in the numerator, first write
Vs s =20 (A.11)

Which implies,

INsTs  OVIh
sy Osy
0 V2T, 00
A0, Osu
— \5 aJ, Jdev
) T 0T mnkl
1 dev

~———"Smn I mn
(—2 -]2 kl

1
= TSk
||s]]

= Ny (A]Z)
Substituting in (A.9)
on;; s SI;J'yg — i
Osu (Vs :s)?
||S||1,~S]-yk7 — 8N
s>

— NN

sym

_ Iz’jkl
llsll

1

= — A.13
sl A1

sym
(I ik ”ij”kl)

Or in tensor notation, this can be written as

an_

—=— (A.14)
ds  |lsll

(I* - n®n)
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